This paper presents a method for the impedance control of a pneumatic manipulator for peg-in-hole tasks without using a load cell. The control methodology presented contains a sliding mode force controller and an adaptive pressure summation relationship, which enforces the controllable natural stiffness of the pneumatic actuator. This is accomplished by utilizing two three-way proportional spool valves for each degree-offreedom instead of a four-way valve typically used in fluid power control. Combinations of intrinsic stiffness provided by the compressibility of air and closed-loop stiffness provided by impedance parameters are studied. Experimental results are shown demonstrating that gentle transition from non-contact to contact tasks can be achieved without the use of a load cell by taking advantage of the intrinsically low stiffness of a pneumatic manipulator. Experimental results are also shown demonstrating sensorless (no load cell) force-guided insertion of a planar peg-in-hole task with position uncertainties (hole location not precisely known).
INTRODUCTION
Compliant manipulation, as in peg-in-hole type assembly tasks, requires the manipulator to follow a motion trajectory as well as a force profile, while making contact with a kinematically constrained environment. The potential advantage of pneumatic actuators is that they have natural compliance, which makes them an ideal candidate for causal interaction with an admittance environment. They have the additional advantage of being capable of measuring force using pressure sensors instead of a load cell located at distal ends of the actuator.
As properly noted by Pratt et. al. [1] in their work regarding series elastic actuators: "Most robot designers make the mechanical interface between an actuator and its load as stiff as possible. This makes sense in traditional position-controlled systems, because high interface stiffness maximizes bandwidth and, for non-collocated control, reduces instability. However, lower interface stiffness has advantages as well, including greater shock tolerance, lower reflected inertia, more accurate and stable force control, less damage during inadvertent contact, and the potential for energy storage." The most apparent property of a pneumatic system is the natural compliance allotted by the compressibility of gas. This compliance can be controlled to give a pneumatically actuated system the ability to follow a kinematically constrained trajectory while following a desired contact force profile.
Desai et al. [4] presents a minimum impedance control method to minimize interaction forces of a humanoid arm. The method is proved to be effective by using low impedance gains through good modeling and feed-forward compensation. The Whole Arm Manipulator robot is supposed to have intrinsically low impedance, which is actually the nature of pneumatic actuators.
Zhu et al. [2] proposes a method for the impedance control of a pneumatic linear actuator for tasks involving contact interaction. The experimental results of the transition from free motion to contact clearly demonstrate that the stiffness of a pneumatic actuator can be controlled by impedance parameters. In Al-Dakkan's dissertation [3] , a single four-way spool valve is decoupled into two three-way valves, which gives the single actuation degree of freedom an additional control degree of freedom for energy saving. In [2] , the same strategy of decoupling the dual function of a four-way spool valve into two three-way valves is also applied and utilized by defining a constant pressure summation objective function to relate the two valves. Although the linear actuator could provide good position tracking performance at different pressure summation levels, no explicit relationship between the natural stiffness and impedance stiffness parameter was shown in the contact tasks.
The goal of the work presented here is to design a pneumatic actuation system for planar peg-in-hole insertion by taking advantage of a combination of intrinsic (or open-loop) stiffness provided by the compressibility of air and closed-loop stiffness provided by impedance parameters. The open-loop stiffness will provide an adequately high bandwidth force response while the slower artificially induced closed-loop impedance adjusts the contact forces more precisely in order to have a gentle transition from noncontact to contact tasks.
ACCELERATION-BASED IMPEDANCE CONTROL
A sliding mode controller is designed to achieve desired force control based on an impedance relationship. It is necessary to design the system to have reasonable position tracking accuracy in addition to undergoing acceptable levels of contact force when it hits an unexpected object. The basic control schematic diagram of the pneumatic controller is shown in Fig.  1 .
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Sliding mode control with stiffness relationship From an impedance relationship it can be seen that greater impedance parameters, especially the stiffness k can make the position tracking performance better. But greater feedback gains also make the system impedance stiffer (i.e. a large change in force for an unexpected deflection from the desired position). Therefore it is necessary to use reasonable impedance parameters to minimize the stiffness generated by the feedback gains. Concurrently, it is desirable to minimize the intrinsic natural stiffness of the compressed air in both chambers. An objective function J will be introduced to achieve this.
The pneumatic actuator is governed by the following dynamics
where M and B represent the inertia and damping inherent in the actuator, d F represents the desired force generated by the actuator, e F represents the contact force and f F represents the friction force. Using the typical impedance relationship between motion errors and external force
where m, b, k are the target inertia, damping and spring constant, d x is the desired position and x is the actual position. Substituting Eq. (2) into Eq. (1) gives the desired actuation force:
It should be noted that Eq. (3) is different from the typical implementation of impedance control because it requires a measurement of the acceleration as opposed to requiring a measurement of the interaction force. This is what is meant by "acceleration-based" impedance control. By regulating the open-loop stiffness of the actuator, the bandwidth requirement for this measured acceleration will be relaxed such that it can be obtained from sufficient filtering of a position sensor as opposed to requiring an accelerometer. The actual actuation force provided by the cylinder can be expressed as
where a P and b P are the absolute pressures in chamber a and b, a A and b A are the areas of the two sides of the piston, atm P is the absolute atmospheric pressure, and r A is the rod crosssectional area. It is now necessary to make F track d F . Since the valves of the pneumatic system influence the rate of pressure in the chambers, it is necessary to take the derivative of Eq. (4) in order to establish a control law to track the desired 2 shows a schematic of the pneumatic actuation system. In order to control both the difference in pressure between the two sides of the actuator (in order to specify the actuation force), and to implement the stiffness objective function (in order to specify the natural or open-loop stiffness of the actuator), two three-way proportional spool valves are used to control the pressures in the two sides of the actuator separately.
Pneumatic supply
3-way proportional spool valves
Pneumatic Cylinder Actuator x Mathematical models of pneumatic actuators have been well described by many researchers. Assuming that the gas is perfect, the temperature and pressure within the two chambers are homogeneous, and the kinetic and potential energy of the fluid are negligible, the rate of change of pressure within each pneumatic chamber can be expressed as
is the pressure inside chamber a and b respectively,
is the mass flow rate into and out of chamber a and b respectively,
is the control volume of chamber a and b respectively, R is the ideal gas constant, and T is the temperature.
The system stiffness is influenced by the pressure in both chambers of the piston. If the weighted summation of pressure in the two chambers ( Taking the derivative of Eq. (7) and prescribing a first order relationship to follow a chosen J, we get
J is the desired stiffness objection function value, η is an arbitrary positive constant to ensure convergence of J to 0 J in a first-order sense. Substituting Eq. (6) and Eq. (7) into Eq.
can be stated more conveniently as
Sliding mode control can maintain stability and good performance for nonlinear control systems with modeling inaccuracies [5] , which fits well with pneumatic control systems. The sliding surface is selected as
represents the force tracking error and a double integration of the force error is utilized to ensure type 2 system behavior for zero steady-state error to ramp following. Define the standard positive-definite Lyapunov function
, and ensure that the derivative of this function is negative semi-definite. Given that
, the derivative of the Lyapunov function is enforced to be the following 
Eq. (19) indicates the required mass flow rate for robust force tracking. To achieve this mass flow rate by controlling the flow orifice area of the valve, the mass flow rate equation relating the upstream and downstream pressures across the valve needs to be utilized. The mass flow rate can be expressed as
where A is the high-bandwidth controlled orifice area of the valve and ) , ( . Finally, the required valve area is found by the following relationship
where s P is the supply pressure and P is the pressure inside the chamber.
EXPERIMENTAL RESULTS
Experiments were conducted to show the following: a) the tracking performance in free-space of a single one degree of freedom actuator with different combinations of natural stiffness and impedance parameters, and b) planar peg-in-hole insertion tasks using two DOF in an imprecisely known environment (i.e. the position of the surface is not known with a high degree of accuracy) without explicit force sensing. A photograph of the experimental setup is shown in Fig. 3 . Our goal is to design a controller that can work in both free motion and constrained motion. In free motion we want reasonable position tracking, and in constrained motion we want small contact forces and to be able to use this force as guidance for planar peg-in-hole insertion. The tracking performance of the Z axis actuator with different combinations of natural stiffness and impedance parameters is shown. By changing the force summation of both chambers ( b b a a A P A P + ), the intrinsic stiffness of the pneumatic actuator can be altered, and by changing the feedback parameters k and b, the impedance control stiffness can be controlled.
Free Space Position Tracking
Free space position tracking experiments were carried out using the vertical pneumatic actuator shown in Fig. 3 . The relationship between natural stiffness and impedance parameters will be studied so that a suitable combination can be used for planar peg-in-hole insertion tasks. The following four cases show combinations of low and high natural stiffness ( 0 J ) and low and high impedance parameters (k and b). For all four cases, the target inertia parameter m is specified as 1.21 kg. It can be seen in Fig. 4 that the position tracking performance is good (about 5 mm maximum error) with a low natural stiffness and low impedance parameters. The pressures in both chambers are around 200 kPa on average. In this case, the actuator is very "gentle" and can be easily stopped by external constraints without causing large contact forces. This is observed by stopping the actuator quite easily with the operator's hand (data not shown).
Case (b):
High natural stiffness ( 0 J =300 N) and low impedance parameters (k=800 N/m, b=200 N/m/s) Although the position tracking performance in Fig. 5 is a little bit worse than the previous case (about 7 mm maximum error), the system has less oscillation when it hits an unpredicted object due to the higher natural stiffness. The pressures in both chambers are higher than case (a) as expected at around 350 kPa on average. This case is suitable for the vertical cylinder (Z axis) control to minimize the contact force and maintain stable contact. It can be seen in Fig. 6 that the pneumatic actuator with high impedance parameters has better position tracking performance than the previous two cases (about 2 mm maximum error). The pressures in both chambers are around 200 kPa on average. This will present a tradeoff between position tracking performance and maximum contract force magnitude since this relies on the "feedback" stiffness of the enforced impedance relationship. This enforced stiffness is dependent on a phase delayed filtered acceleration signal and will therefore show a decreased bandwidth in tracking a contact force when impact first occurs.
Case (d):
High natural stiffness ( 0 J =300 N) and high impedance parameters (k=2000 N/m, b=400 N/m/s) In this case, the actuator works in a stiff and robust way (less sensitivity to external forces). The position tracking performance is still very good (about 3 mm maximum error). The pressures in both chambers are around 350 kPa on average. This case is suitable for the X axis position control to maintain good position tracking.
For all four cases, when the external unexpected constraint is released, the tracking performance can recover quickly without oscillations. The bandwidth of the system can be maximized by increasing the natural stiffness.
Planar Peg-in-hole Insertion
The planar peg-in-hole insertion task is performed using the two degree-of-freedom pneumatic manipulator shown in Fig. 3 . A schematic of the pneumatic actuator is shown in Fig. 8 . Generally, for a peg-in-hole task to be carried out, at least one rotational degree-of-freedom is needed. Since there are only two translational degrees-of-freedom available for this setup, the position of the hole along Y direction has to be pre-adjusted so that the peg can plunge into the hole when an appropriate X position is reached. The top of the hole is located at about 0 Z = 22 mm, and the center of hole along the X axis is at about 0 X = -2 mm. For the task shown in Fig. 9 , both cylinders initially start at the uttermost positive position (as shown in Fig. 8 ). During time 0 to 1 second, both cylinders are initialized. At 1 second, the X position moves in to around 55 mm and the Z position moves in to around -45 mm. Then the X cylinder moves in the negative X direction with a speed of -15 mm/s and the Z cylinder moves in positive direction with a speed of 40 mm/s. To clearly show the process of the peg plunging into the hole, the plots in Fig. 9 only show the time period between 2.5 and 6 seconds. At about 2.7 seconds, before the X position passes the center of the hole, the Z cylinder hits the top brim of the hole, which can be clearly seen from the force profile and Z position trajectory. Even though the desired Z position is overestimated and below the surface of the top brim of the hole, a gentle force contact is maintained between the peg and the brim of the hole when the actuator continues to move in the X position and the peg slides along the top brim of the hole. The maximum contact force is less than 20 Newtons. Then at about 4.7 seconds, when the peg gets to the center of the hole, the peg plunges into the hole because of the overestimation of the desired Z position. At the same time, the change of Z position triggers the stop command of X position. So the peg stays in the hole during 4.8 to 6 seconds. During this period, Z position gets very close to the desired depth position, but does not reach it exactly because of the friction force between the peg and the hole (very low tolerance) and a little bit misalignment along Z direction. In any case, the impedance relationship does not allow a pressing force large enough to overcome these forces. This could be advantageous for not forcing parts together with too high of a force.
